Although glucocorticoid hormones are considered important physiological regulators for surviving adverse environmental stimuli (stressors), evidence for such a role is sparse and usually extrapolated from glucocorticoid effects under laboratory, short-term and/or non-emergency conditions. Galápagos marine iguanas (Amblyrhynchus cristatus) provide an excellent model for determining the ultimate function of a glucocorticoid response because susceptibility to starvation induced by El Niñ o conditions is essentially their only major natural stressor. In a prospective study, we captured 98 adult male marine iguanas and assessed four major components of their glucocorticoid response: baseline corticosterone titres; corticosterone responses to acute stressors (capture and handling); the maximal capacity to secrete corticosterone (via adrenocorticotropin injection); and the ability to terminate corticosterone responses (negative feedback). Several months after collecting initial measurements, weak El Niñ o conditions affected the Galápagos and 23 iguanas died. The dead iguanas were typified by a reduced efficacy of negative feedback (i.e. poorer post-stress suppression of corticosterone release) compared with surviving iguanas. We found no prior differences between dead and alive iguanas in baseline corticosterone concentrations, responses to acute stressors, nor in capacity to respond. These data suggest that a greater ability to terminate a stress response conferred a survival advantage during starvation.
INTRODUCTION
Using the Galápagos islands as a natural laboratory, we previously demonstrated that corticosterone concentrations, the species-typical glucocorticoid in reptiles (Greenberg & Wingfield 1987) , were highly correlated with survivorship of marine iguanas (Amblyrhynchus cristatus) during an El Niñ o-induced famine . Galápagos marine iguanas feed exclusively on the rich marine algae growing in the intertidal and subtidal seas surrounding the islands (Wikelski & Trillmich 1994; . Every few years, recurrent global climate events (El Niñ o) decrease the nutrient-rich upwelling and as a result the amount of algae is greatly reduced, leading to wide-spread starvation . Both baseline and stress-induced corticosterone concentrations were inversely correlated with survival in iguana populations .
This natural experiment of El Niñ o-induced starvation provides several major advantages for using marine iguanas as a model for examining the role of corticosterone in surviving natural stressors. First, reliance on one food source subjects marine iguanas to a fairly regular cycle of unintentional fasting, and potential starvation, every few years (Laurie 1989; Wikelski 2005) . Second, these iguanas have few natural predators (Kruuk & Snell 1981) , leaving the El Niñ o-induced starvation as the major stressor for adult iguanas. Third, even though they can live several decades, marine iguanas are highly sedentary and rarely move from a several hundred metre area of coastline (Wikelski & Trillmich 1994) . Strong site fidelity allows us to monitor individual animals and to estimate annual survival rates . Fourth, owing to their unfamiliarity with humans, marine iguanas are easy to capture repeatedly (Rubenstein & Wikelski 2005) .
We used the natural year-to-year variation in climate in the Galápagos archipelago to let nature conduct an experiment for us. During an El Niñ o, marine iguanas are food-stressed and many individuals die of starvation. We hypothesized that corticosterone secretion helps individuals survive, as predicted by ecological theories of stress and biomedical theories of corticosterone physiology. To test this hypothesis, we initially characterized the sensitivity and robustness of an individual's corticosterone response prior to an El Niñ o. We then determined the fate of these individuals during and after an El Niñ o. This pre-emptive physiological characterization of individuals in combination with subsequent monitoring allowed us to determine whether and to what degree individual differences in the hormonal stress response predisposed animals to survive in the wild.
Corticosterone is one of the hallmarks of the vertebrate stress response (Sapolsky et al. 2000) . Its release culminates from activation of the hypothalamicpituitary-inter-renal (HPI) axis. The final steps consist of adrenocorticotropin (ACTH) being released from the pituitary and stimulating secretion of corticosterone from the iguana inter-renal gland. Negative feedback then serves to turn off the response. Background information on HPI axis function in each marine iguana is necessary to fully characterize an individual's ability to mount a corticosterone response. We tested four aspects of the HPI axis. First, we determined initial unstressed corticosterone titres, believed to be important in basic energy metabolism (Romero 2004) . Second, we determined each individual's response to a standardized stressor, capture and handling (Wingfield & Romero 2001 ). Third, we tested the inter-renal's maximal ability to secrete corticosterone by injecting exogenous ACTH (Cyr & Romero 2009 ). Fourth, we tested the ability of the animal to regulate the termination of the corticosterone response via negative feedback (Romero 2004) . Understanding the individual variation in these regulatory pathways allowed us to determine whether different responses provided an advantage when coping with the emergency conditions of an El Niñ o.
Although corticosterone is believed to be vital in helping protect an animal from adverse environmental conditions (Wingfield & Romero 2001) , how it does so is not well understood (Sapolsky et al. 2000) . Corticosterone can provide short-term behavioural (Wingfield & Romero 2001 ) and physiological (Sapolsky et al. 2000) benefits in coping with stressors, including stressors consisting of worsening environmental conditions (e.g. Romero et al. 2000) . A few studies have directly correlated either baseline or stress-induced corticosterone titres with survival Brown et al. 2005; Blas et al. 2007; Cabezas et al. 2007 ), but none to date have explored which pathways of the corticosterone physiology might be most beneficial for survival.
MATERIAL AND METHODS
We captured 98 iguanas on Santa Fe island (9082 0 W, 0850 0 S) in early December 2002 (breeding season) during benign conditions. Selection was not random. Because previous data indicated that the largest animals in the population were most likely to die during an El Niñ o , we actively targeted the largest individuals to provide the greatest chance of seeing a result. Furthermore, in order to control for potential differential survival by sex, we selected only males.
Immediately upon capture, each iguana was placed headfirst into an opaque cloth bag and a blood sample collected from the caudal vein on the underside of the tail. Blood was collected into heparinized microhaematocrit tubes using a hypodermic needle or into 2 ml heparinized vacutainer tubes. These initial baseline samples were obtained in less than 2 min for all but 12 animals, where samples were collected 2-3 min after capture. Previous work indicated that this is well before corticosterone concentrations begin to rise in response to the stress of capture and handling in this species (Romero & Reed 2005) .
After collecting the initial sample, iguanas were maintained in the opaque bags until all samples were collected. At 30 min after capture, all iguanas were bled a second time to determine each individual's response to the acute stressor of capture and handling. Corticosterone is known to increase in response to capture and handling in marine iguanas . Following this second blood sample, iguanas were divided into three groups. The first (n ¼ 8) was maintained in cloth bags with subsequent samples collected at 60, 120 and 240 min post-capture. This group served as the control for the dexamethasone (DEX) group (see below).
A second group (n ¼ 51) was immediately injected intraperitoneally with 50 IU kg 21 ACTH (porcine). Earlier work indicated that this dose is effective at stimulating corticosterone release in marine iguanas (Romero & Wikelski 2006) . Blood samples were then collected 30 min after injection (60 min after capture) to assess ACTH's ability to elevate corticosterone titres above titres from stress alone. Injection of exogenous ACTH is intended to stimulate the interrenal to ascertain whether the gland is functioning maximally in response to handling and restraint (Cyr & Romero 2009 ). The third group (n ¼ 39) was injected intramuscularly with 1 mg kg 21 DEX immediately following the second blood sample. DEX is a synthetic glucocorticoid that artificially stimulates negative feedback. This results in a decrease in circulating endogenous corticosterone titres if feedback is functioning normally (McDonald et al. 1986; Sapolsky & Altmann 1991) . This decrease can be monitored because DEX does not bind to the commonly used antibodies in the radioimmunoassays (RIAs). The dose we used is effective in marine iguanas (Romero & Wikelski 2006) . After injection, blood samples were collected at 60, 120 and 240 min post-capture. Since we were interested in the absolute strength of negative feedback, we selected the lowest DEX-induced corticosterone titre during the 240 min.
Prior to release, we weighed each animal, measured their snout-to-vent length , computed a body condition index ((body mass/snout -vent length 3 )Â10 6 ). Although this condition index is crude, it adequately describes the physical condition of an iguana (Laurie 1989; . All animals were given a small identifying brand on their flanks for later targeted recapturing and a unique brand on their bellies for individual identification.
A mild El Niñ o struck the Galápagos in late December/ early January of 2002/2003, resulting in moderate marine iguana mortality. We returned in July 2003 and captured every previously marked animal that could be found over the course of a week (77%). Those iguanas we were unable to find were classified as having died (23%). Given the strong site fidelity of this species (Wikelski & Trillmich 1994) and that El Niñ os are virtually the only source of mortality of adults on this island , it is unlikely that many iguanas were misclassified. We also returned again in January 2006 and January 2008 and recaptured or resighted all marked iguanas. We did not find any animal that was previously characterized as 'dead', indicating that our categorization was presumably correct. We then analysed the data from the previous December to determine whether variation in an individual iguana's ability to mount, sustain and turn off corticosterone release could predict survival.
In a subset of 30 iguanas still alive in July 2003, we collected baseline and stress-induced (30 min) samples. We then injected 14 with DEX and the rest with ACTH, as described above. We compared these values and body mass to the values obtained from the same animals seven months earlier. Unfortunately, we were unable to appropriately remeasure body length.
Samples collected in the field were stored cool until returned to the field camp (less than 8 h). All samples were centrifuged and plasma removed and stored in an electricpowered freezer. A few blood samples were lost during centrifugation. Although samples remained cool, the freezer was unable to keep them frozen. Samples were then transported on ice to Tufts University. Corticosterone was assayed by RIA following Wingfield et al.'s (1992) methods that have been used in numerous studies on marine iguanas Wikelski et al. 2001; Romero & Wikelski 2006) . Interassay and intra-assay coefficients of variation were less than 12 and 6 per cent, respectively.
A change to each aspect of corticosterone physiology was considered an independent hypothesis based upon previous work which indicates that each aspect is independently regulated (Romero 2001) . Consequently, we analysed each aspect independently. We initially tested all comparisons for homogeneous variances using Levene's test. For samples collected prior to the El Niñ o, we compared animals later found dead with those later found alive using a t-test for unequal variances when Levene's test was significant and t-tests with equal variances when Levene's test was not significant. We further compared changes in parameters from pre-and post-El Niñ o in individual iguanas using repeated-measures ANOVA on log 10 -transformed data when Levene's test was significant and repeated-measures ANOVA on untransformed data when Levene's test was not significant. All tests were performed with JMP 501 (SAS Institute) with alpha set at 0.05. 
RESULTS (a) Comparison of animals destined to survive and destined to die

DISCUSSION
The iguanas in this study were clearly affected by the food shortage conditions during the El Niñ o. Not only did 23 per cent of them die, but those that survived weighed less. The El Niñ o was a major stressor that required an appropriate physiological response to survive. Despite this impact on these largest iguanas, however, this El Niñ o had little overall impact on the population with low mortality of smaller animals (L. M. Romero & M. Wikelski 2003, personal observations) .
The only statistically significant correlation with survival of an El Niñ o was an individual iguana's ability to terminate the corticosterone stress response. This is the first study to show that a robust negative feedback response is important in survival. Because corticosterone induces negative feedback by binding to receptors in the brain (Dallman et al. 1992) , we can speculate that the underlying cause of an attenuated feedback was relatively fewer corticosterone receptors in the brains of those who died.
These data fit an overall framework of stress responses arising from the biomedical literature and a few field studies. Negative feedback is an important aspect of HPI axis function (Dallman et al. 1992 ). Failure of negative feedback can lead to persistent elevated corticosterone levels that effectively lengthen and strengthen the overall stress response (Romero 2004) . Disrupted negative feedback can result in many deleterious effects in free-living baboons (Sapolsky & Altmann 1991; Sapolsky 1992a ) and can lead to stress-related disease in humans (Sapolsky 1992b) . Ageing also can attenuate negative feedback in reptiles (Moore et al. 2000) , but even though we preferentially selected the largest males, it is not clear that we selected the oldest individuals. Size alone cannot be a reliable indicator of age in this species because individuals are known to shrink during El Niñ o conditions (Wikelski & Thom 2000) . Traditionally, long-term elevations in corticosterone were thought to provide aid in survival, but four lines of converging evidence now suggest the opposite. First, in many species, physiological responses to starvation can be partitioned into the three phases, with phase 1 typified by carbohydrate breakdown, phase 2 by lipid metabolism and phase 3 by protein metabolism (Vleck & Vleck 2002; McCue 2010) . Phase 2 of starvation does not elicit increased glucocorticoid release in rats (Dallman et al. 1999) , but the transition to phase 3 appears to be triggered by glucocorticoids in penguins (Cherel et al. 1988) . Second, previous evidence from marine iguanas indicated that corticosterone only increased when body condition crossed a threshold presumed to be the transition to phase 3 ). This created a strong inverse relationship between both baseline and stress-induced corticosterone titres and survival-the higher the average corticosterone in a population, the higher the mortality. Third, glucocorticoids appear to be the proximate mechanism for death in semelparous species such as salmon (Wingfield & Romero 2001 ). Elevated glucocorticoids is the proximate mechanism for death, and preventing that elevation increases survival in these species.
The picture emerging from these three lines of evidence is that it is extremely important to delay the onset of phase 3 and the subsequent metabolizing of key proteins (Sapolsky et al. 2000) . Higher corticosterone titres might help individuals survive by providing a lastditch mobilization of protein and thereby extend survival a bit longer in the hope that El Niñ o conditions end. However, because corticosterone does not appear to play an important role in mobilizing fat during phase 2 of starvation, it appears instead that higher corticosterone titres reflect phase 3 and the failure of homeostatic mechanisms. Consequently, studies that find elevated corticosterone titres with starvation are probably sampling animals in phase 3 that are unlikely to survive. This probably explains the fourth line of evidence: lower, not higher, glucocorticoid concentrations are associated with fitness in many studies (Breuner et al. 2008; Bonier et al. 2009 ).
Survival of the iguanas that have stronger negative feedback fits into this emerging picture. Robust negative feedback would help conserve energy by damping any increase in corticosterone and thus delaying the transition from phase 2 to phase 3. Given corticosterone's important role in mobilizing proteins for energy (Sapolsky et al. 2000) , any elevation in corticosterone could break down more protein, thereby decreasing reserves, and make the animal succumb to starvation earlier than an animal with more robust negative feedback. Consequently, even though short-term increases in glucocorticoids are likely important for survival, turning off that response appears to be a key feature for allowing long-term successful coping with prolonged stressors. A few other studies have examined the connection between glucocorticoid concentrations and survival. Lower baseline corticosterone levels have been associated with increased survival in some species (e.g. Brown et al. 2005) , but there do not appear to be consistent patterns across studies (Bonier et al. 2009 ). In addition, higher stress-induced glucocorticoid titres are associated with increased survival in some (Cabezas et al. 2007; Angelier et al. 2009 ), but not all , species. However, lengthy periods (often years) between correlating corticosterone responses with survival and confounding variables such as recent captivity limit the value of those studies. Currently, data from marine iguanas (this study ) provide the only association of corticosterone responses with survival in response to a single well-defined source of mortality.
Importantly, the El Niñ o did not appear to significantly alter the functioning of the HPA axis in the surviving iguanas. Although baseline titres, inter-renal capacity and efficacy of negative feedback were all slightly elevated compared with prior to the El Niñ o, these differences were not significant. Only the response to capture and handling was elevated, and it was higher even than in those iguanas that ultimately died. However, the elevated stress response is probably due to the repeated capture of these animals. Although seasonal changes cannot be excluded, previous work showed that marine iguanas learn that humans can be potential predators and have a more robust response upon subsequent captures (Rödl et al. 2007 ).
In conclusion, individual differences in HPI axis regulation, particularly in the ability to terminate corticosterone release, could be a substrate for natural selection. Severe El Niñ o events can exert profound selective pressure on morphological traits (Grant 1986; , and these data suggest that El Niñ o events may also exert selective pressure on physiological traits such as the efficacy of negative feedback.
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